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RÉSUMÉ.— Capacité de surfusion des premiers stades de vie du ravageur Deroceras reticulatum.— La 
température peut affecter significativement la survie, le développement, la croissance et la fécondité des 
organismes ectothermes. Les recherches portant sur la tolérance thermique et les réponses physiologiques 
adaptatives de la Limace grise Deroceras reticulatum, ravageur largement répandu en agriculture, produiront des 
informations importantes qui aideront à prédire le risque limace dans les cultures et ainsi minimiser les traitements 
molluscicides. Pour évaluer la variabilité de la capacité de surfusion chez cette espèce, la température de 
congélation (Tc) a été mesurée au cours du développement embryonnaire (embryons aux stades I, V et VI, et à 
l’éclosion) sur des œufs incubés à différentes températures (10°C, 15°C et 20°C), et comparée aux résultats 
obtenus chez les adultes. Aucune variation de la capacité de surfusion n’a été mise en évidence pendant le 
développement embryonnaire, mais elle varie de façon significative entre les différents stades, avec des Tc 
moyennes de -5,1°C chez les adultes et de -12,2°C chez les nouveau-nés, les œufs se positionnant entre ces deux 
stades avec une Tc moyenne de -10,7°C. Les œufs possèdent probablement un taux de survie supérieur à celui des 
adultes qui sont plus susceptibles de congeler. Les nouveau-nés seraient capables de survivre à de courtes périodes 
de températures négatives survenant en début de printemps. Contrairement aux adultes partiellement tolérants à la 
congélation, les œufs et les nouveau-nés pourraient être intolérants à la congélation. Pour valider notre hypothèse, 
des recherches supplémentaires porteront sur les adaptations biochimiques des différents stades du cycle de vie, et 
rechercheront en particulier les cryoprotecteurs et les protéines antigel pouvant s’accumuler dans les tissus lors de 
stress thermiques. 
SUMMARY.— Ambient environmental temperature can significantly affect survival, development, growth 
and fecundity of ectotherm species. Research on cold tolerance and adaptive physiological responses of the Grey 
field slug, Deroceras reticulatum, yields important information that can be used to aid in the prediction of crop 
infestation and damage, and thus provide a basis for minimizing pesticide treatments. To evaluate the supercooling 
capacity of the Grey field slug, the temperature of crystallization (Tc) was measured during the embryonic 
development of eggs (stage I, stage V, stage VI and hatchling) at three different incubation temperatures (10°C, 
15°C and 20°C), and compared to results obtained from adults. No significant effect of incubation temperature on 
Tc was found, regardless of the developmental stage. Although no variation of supercooling ability was identified 
during embryogenesis, this did vary significantly among life stages, with Tc values of -5.1°C in adults and -12.2°C 
in hatchlings; a Tc value of -10.7°C was found for the egg stage. Eggs are likely to have a higher survival rate than 
adults which are more susceptible to freezing. Hatchlings are equipped to survive potential cold pulses that occur 
early in the spring. While adults may exhibit limited partial-freeze tolerance, eggs and hatchlings might be freeze 
avoidant. Additional research to support this hypothesis will be focused on biochemical adaptations within the 
various life stages, in particular by exploring cryoprotectants and antifreeze proteins that may accumulate in body 
tissues during thermal stress. 
________________________________________ 
Temperature is an important environmental factor that can affect ectotherm survival as well 
as sublethal metrics including development, growth and fecundity (Worner, 1992; Butler & 
Trumble, 2010; Bozinovic et al., 2011; Slotsbo et al., 2011). Some ectothermic species have long 
been described as having the ability to survive subzero temperatures (i) in a frozen state, where the 
so-called freeze tolerant species can endure freezing of their body fluids or (ii) by avoiding 
freezing altogether, where the freeze avoidant species can engineer a depression of the temperature 
at which ice nucleation of their body fluids spontaneously occurs (Ansart & Vernon, 2003; Slotsbo 
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et al., 2012). When species are able to survive a short time in the frozen state, they are described as 
partial freezing tolerant (Ansart & Vernon, 2003; Cook, 2004). Certain terrestrial gastropod 
species, including helicid snails, are categorized as partial freezing tolerant because they can 
survived even though a small proportion of their body water is converted into ice, the percentage 
of ice formed being time-dependent (Ansart et al., 2001; Cook, 2004). Only a few studies are 
available on freeze tolerance strategies in slugs. Freeze-tolerant ability occurred in three Arion 
species (Slotsbo et al., 2012), while in the genus Deroceras, both strategies were reported 
depending on the geographic origin of the species studied (Lee et al., 2009; Berman et al., 2011). 
Eggs’ tolerance to sub-zero temperatures is a well-known adaptation of winter survival in 
ectotherms of temperate regions (Hommay, 1995; Grimm, 2001; Rochefort et al., 2011). Big size, 
high water content and eggshell with calcium carbonate crystals, confer to eggs of edible land 
snails a poor ability to supercool (Ansart et al., 2007). Although slug eggs resemble those of 
helicid snails (permanently wet, mineralized eggshell) they are of smaller sizes, a feature that 
could explain why they have a strong ability to supercool, up to -16.9 °C in D. reticulatum (Bale, 
1985). Ansart et al. (2007) reported several studies that demonstrated variations in supercooling 
ability of insect eggs according to development stage, including aphids and beetles, but could not 
demonstrate a thermal plasticity in snail eggs.  
Slugs are important pests in a wide range of agricultural and horticultural crops. 
Molluscicides based upon metaldehyde and methiocarb are the most widely-used chemicals to 
control slug proliferation. In France in 2011, 27 % of oilseed rape agricultural areas and 23 % of 
sunflower agricultural areas were treated to control slugs (Agreste, 2013). The present study 
focused on the Grey field slug, Deroceras reticulatum, a cosmopolitan species native to Europe, 
almost exclusively restricted to cultivated areas of moist and temperate environments (South, 
1992). Research on cold tolerance of the D. reticulatum is necessary for developing more detailed 
information on the patterns of crop infestation and damage, in order to decrease pesticide 
treatments. Cook (2004) reported that D. reticulatum was partial freezing tolerant. He showed that 
80 % of adult slugs survived frozen a few minutes at temperatures 0.5°C below their temperature 
of crystallization (mean temperature of crystallization (Tc) = -3.6°C).  
Based on a review of the extant literature, variation of supercooling capacity in slug eggs 
during embryogenesis has not been explored in detail. The purpose of this study was to address the 
following questions: (1) Do embryos show a modification of their supercooling ability during their 
development in response to the egg-exposure temperature? (2) Does supercooling ability differ 
among life stages, from adult to egg and hatchling? The temperature of crystallization (Tc) was 
measured during the embryonic development of eggs in three stable thermal regimes, and 
compared with those of their parents. As has been noted for insects (Vernon et al., 1997), we 
hypothesize that the Tc will decrease during embryonic development and that hatchlings will be as 
susceptible to freezing as are the adults. We expect the level of Tc depression will depend on the 
temperature of egg incubation.  
MATERIALS AND METHODS 
ADULTS AND CLUTCHES 
Adults of D. reticulatum (N = 200) were collected in 2014 (March-April) at Anthé (44°22'18.58"N, 0°57'35.25"E, in 
Southwest France) and at Toussieu (45°39'16.01"N, 4°59'6.12"E, in East France). Twenty individuals per culture chamber 
(plastic boxes measuring 16 x 9.5 x 11 cm) were maintained on a thin layer of moist synthetic foam to ensure high 
humidity. The slugs were reared at 10°C, 12 h light/12 h dark daily cycle, and were fed ad libitum with oilseed rape leaves. 
Cultures were examined daily to remove dead animals and identify clutches of eggs. Once a week, the boxes were cleaned 
and food replaced. 
Clutches (N = 35) were placed into Petri dishes on wet absorbent paper. They were distributed at random into three 
groups, each acclimated to one of three temperatures: 1) 10°C (N = 13), 2) 15°C (N = 14) or 3) 20°C (N = 8). Since the 
eggshell becomes translucent when placed into water, it was possible to determine the developmental stage of the embryo 
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under a stereomicroscope (Stemi2000-C, Zeiss). Carrick (1938) identified six developmental stages (I to VI), among which 
four were considered in this study: 1) eggs just after laying (less than 48 h in age), 2) stage V eggs, 3) stage VI eggs and 4) 
hatchling stage (0-48 h after hatching). Embryos of less than 48 h, corresponding to stage I (blastula) or stage II (gastrula), 
were labelled stage I in this study. Stage V was characterized by the maximum development of the anterior hepatic lobe 
and the posterior sac. The juvenile form was attained at stage VI, indicated by posterior sac atrophy, retraction of the 
hepatic lobe and pigment deposition on eyes, head and tentacles. The time (in days) that elapsed between oviposition and 
hatching was recorded. 
TEMPERATURE OF CRYSTALLIZATION 
The temperatures of crystallization (Tc) of parental generation adults (N = 64), eggs at stage I (N = 254), at stage V 
(N = 105), at stage VI (N = 148) and hatchlings (N = 238) were measured using a thermocouple (Testo 177-T4, 
thermocouple type K) according to the methodology described by Ansart et al. (2001) and Nicolai et al. (2005). After their 
arrival, adults kept at 10°C were fed for two days, then starved for 48 h and all samples were individually weighed just 
prior to measurements. Each sample, inside a plastic tube, was placed into a cryostat (Huber Polystat CC3) filled with an 
antifreeze fluid and the sample was held at 5°C for 30 min. The temperature of the bath was then decreased at the rate of 
0.5°C min-1, until reaching a minimal temperature of -18°C for 46 min. The Tc value was the lowest temperature recorded 
at the beginning of the exotherm induced by the release of heat due to spontaneous freezing of the organism. 
STATISTICAL ANALYSES 
Each stage of development was initially analysed separately, excluding the adults. Effect of incubation condition on 
Tc was tested using a two-way analysis of variance (ANOVA), the clutch being introduced as a covariate. The best-fit 
model was determined according to the Akaike information criterion (AIC) value. In a second step, a one-way ANOVA 
was performed to compare the Tc measured at the different life stages (adults, eggs of stage I, stage V and stage VI, 
hatchlings), excluding the variable “temperature of incubation”. The duration of egg development at 10°C, 15°C and 20°C 
that did not follow a normal distribution was compared by a Kruskal-Wallis (KW) test. When found to be significantly 
different, the ANOVA was followed by a Tukey’s post hoc test for multiple pair-wised comparisons. Prior to the analyses, 
the normality of the data was assessed and the error terms of the models were controlled for homoscedasticity. All analyses 
were performed using the statistical software “R 3.0.2” (2013).  
RESULTS 
The fresh body mass of the adults was highly variable. A sample of 60 individuals, taken at 
random, gave a mean fresh mass (± Standard Deviation [SD]) of 286 ± 155 mg.  
The time that elapsed between oviposition and hatching varied according to temperature (Tab. 
I). The egg incubation time decreased significantly (KW: p < 0.001) with increasing incubation 
temperature. 
 
TABLE I 
Incubation time of eggs in Deroceras reticulatum at different temperatures. 
N = number of eggs used to determine the means and min-max values 
 
Temperature 
incubation 
Time of incubation (days) 
mean ± SD (N) min - max 
10 °C 45 ± 4 (79) 41-54 
15 °C 25 ± 3 (139) 22-36 
20 °C 18 ± 1 (27) 16-20 
 
 
Regardless of the developmental stage, the lowest AIC value was found using the simple 
model Tc~stage (i.e. clutch, as covariate, was not significant); no significant effect of egg 
incubation temperature on Tc was detected (Tab. II). Therefore, at each stage of development the 
Tc values obtained at 10°C, 15°C and 20°C were grouped and the effect of life stage was 
evaluated using the new mean Tc values (Fig. 1). Considering all life stages, mean Tc (±SD) 
varied from -5.1 ± 1.4°C (adults) to -12.2 ± 2.5°C (hatchlings). There were significant differences 
among groups (ANOVA, F4,813 = 130.7, p<0.001; Tukey’s test: adults-hatchlings, p<0.001; adults-
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eggs of stages I, V or VI, p<0.001 and hatchlings-eggs of stage I, V or VI, p<0.001), but during 
embryogenesis, the Tc values of eggs remained stable at an overall mean of -10.7 ± 2.1°C, with no 
significant differences (Tukey’s test, p>0.79). 
 
TABLE II 
Summary of the ANOVA used to test the effects of egg incubation temperature (T°C) and clutch (Cl) on Tc values at each 
stage of egg development. Df = Degree of freedom 
 
Stages of 
development 
Variable (T°C) and 
covariable (Cl) 
F-Value (Df) P-Value Residuals 
Stage I 
T°C 
Cl 
2.638 (2) 
1.357 (29) 
0.074 
0.114 
222 
Stage V 
T°C 
Cl 
0.871 (2) 
1.051 (19) 
0.422 
0.415 
83 
Stage VI 
T°C 
Cl 
0.409 (2) 
1.445 (20) 
0.665 
0.114 
125 
Hatching slug 
T°C 
Cl 
2.522 (2) 
1.266 (31) 
0.083 
0.169 
204 
 
 
 
Figure 1.— Temperature of crystallization (mean ± SD) for adults, eggs and hatchlings exposed to different incubation 
temperatures. Different letters denote statistical differences among means (p < 0.001). 
DISCUSSION 
In our study, the mean Tc for adult D. reticulatum collected in France in spring (-5.1 ± 1.4°C) 
was lower than, or similar to, the values measured for the same species from other countries. In D. 
reticulatum from Southeast England, freezing temperatures varied from -3.6 ± 0.8°C to -4.3 ± 
1.2°C from winter to summer (Cook, 2004). In Canada, where the species is invasive, the mean Tc 
for autumn-collected slugs tended to be higher (-3.2°C ± 0.7; Storey et al., 2007) than was found 
here. A comparison of the mean Tc values in the three countries shows that the Tc value is slightly 
lower in spring than in autumn or winter, suggesting that D. reticulatum adopts a freeze tolerant 
strategy. Autumnal Canadian temperatures may have been low enough to promote freeze-tolerant 
a 
b b b 
c 
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physiological responses, accounting for a higher Tc than that found in the present study in the 
spring-collected slugs. In the current study we found that the fresh body mass of the experimental 
animals (286 ± 155 mg) was generally more variable than those used in the studies in England (30 
– 75 mg) and Canada (377 ± 36 mg), although no correlation was found between slug weight and 
Tc (Cook, 2004; data not shown). Despite these differences among studies, our data confirm the 
poor supercooling ability of D. reticulatum adults, relative to the cold tolerance abilities of other 
terrestrial gastropods, including Arionidae (Slotsbo et al., 2012) and Helicidae (Ansart et al., 2001; 
Nicolai et al., 2005). While the extent of cold hardiness in this slug species is apparently limited, 
Cook (2004) reported that D. reticulatum was partial tolerant of freezing, finding that in winter 
80% of adult slugs survived in a frozen state for 30 min at 0.5°C below their Tc (mean Tc = -
3.6°C). However, D. reticulatum also appeared unable to synthesize cryoprotective carbohydrates 
during freezing (Storey et al., 2007). 
Eggs of D. reticulatum froze at temperatures twice as low as the adults, with a mean Tc value 
at -10.7°C, regardless of the developmental stage. Previous research on eggs of the same species 
yielded substantially different values, ranging from -13.7 to -16.9°C (Bale, 1985) and from -5.2 to 
-6°C (Berman et al., 2011). Since eggs are laid in soil, there is a high potential that the 
supercooling abilities of ice-nucleating agents may be diminished (Ansart et al., 2007). Therefore, 
the occurrence of organic particulates on the eggs’ surface (eggs stored in moist moss), but also 
differences in methodology (acclimation of eggs and cooling rate), might explain the poor 
supercooling ability measured by Berman et al. (2011). Although duration of embryogenesis was 
related to incubation temperature, no variation of supercooling ability was observed during egg 
development in the slug D. reticulatum, a feature that has been described in the land snail C. 
aspersum (Ansart et al., 2007). 
Hatchlings were found to have significantly greater supercooling ability compared to both 
eggs and adults. Among potential ice-nucleating agents (INAs), the presence of food and 
microorganisms in the gut might reduce the supercooling capacity (Salt, 1953). In the snail C. 
aspersum, a full digestive tract induced a high Tc (-2.9°C), while in animals with empty guts the 
Tc was 1.5-fold lower (Ansart et al., 2008). Although adult slugs were starved for two days prior 
to test initiation, their supercooling ability was low, suggesting the occurrence of INAs in their 
body. These INAs could be the intestinal microflora, as suggested by the research of Charrier et al. 
(1998), where permanent bacterial flora were found in the guts of starved snails. In our research, 
the strong supercooling ability of hatchlings may be related to the presence of these permanent gut 
microorganisms, given that no gut bacteria or food particles would be transferred to, or 
accumulated by, the newborn individuals prior to testing. Freezing around -4 to -5°C being 
however possible for a species in the absence of INAs, hatchlings could benefit from antifreeze 
substances, another hypothesis that might explain their enhanced supercooling ability. 
Data from the present study indicate that (i) survival of eggs is likely to be greater than for 
adults during winter and (ii) hatchlings are equipped to survive potential cold pulses that occur 
early in the spring. Therefore, the egg stage of D. reticulatum would be the preferable 
overwintering form. In support of this hypothesis, the life cycles are reported by Welter-Schultes 
(2012) for this species in Central and North Europe. The density of newborn individuals from 
overwintering eggs in early spring should be considered when evaluating risk management options 
for slug populations in croplands. 
Congregation and huddling behaviour is known in slugs (Cook, 1981, 2004). This dense 
aggregation of individuals may occur in response to environmental stresses, and can reduce body 
surface area exposed to low air temperature, thereby retarding development of ice crystals in the 
tissues. Slugs may also take refuge in thermally buffered sites, located within the top few cm of 
soil, where the temperature seldom falls below 0°C. Slugs are likely unable to burrow into 
consolidated sediments (personal observation) and probably use existing soil crevices as natural 
pathways, or gaps and galleries burrowed by other animals. In the same way, a clutch of eggs that 
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are laid within or under a refuge or in the soil forms a compact mass surrounded by mucus (South, 
1992). These adaptations ensure an efficient protection against debilitating freezing. 
In summary, variability in supercooling ability was observed in D. reticulatum among 
different life stages irrespective of acclimation temperature (egg and hatchling versus adult) but 
not within egg developmental stages. While adults may exhibit limited partial-freeze tolerance 
(Cook, 2004), eggs and hatchlings might be freeze avoidant. Additional research to support this 
hypothesis will be focused on biochemical adaptations within the various life stages, in particular 
by exploring cryoprotectants and antifreeze proteins during thermal stress. 
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